Background Background: Functional MRI (fMRI) has been widely used to study abnormal patterns of functional connectivity at rest in patients with movement disorders such as idiopathic Parkinson's disease (PD) and atypical parkinsonisms. Methods Methods: This manuscript provides an educational review of the current use of resting-state fMRI in the field of parkinsonian syndromes.
Introduction
In the last decades, movement disorders such as idiopathic Parkinson's disease (PD) and atypical parkinsonisms (i.e., multiple system atrophy [MSA], corticobasal syndrome [CBS] , and progressive supranuclear palsy syndrome [PSP-S]) have been widely investigated using in vivo neuroimaging biomarkers to help clinical diagnosis and to identify the underlying pathophysiological mechanisms. 1, 2 To date, the definitive diagnosis of idiopathic PD is only postmortem, and requires the presence of intraneuronal Lewy body inclusions in the pars compacta of the substantia nigra. However, when the typical triad of clinical symptoms and signs is present (bradykinesia, tremor at rest, and rigidity), a diagnosis of probable PD can be formulated in vivo based on clinical evaluation. Conventional structural magnetic resonance imaging (MRI) is used in the diagnostic workup of PD to exclude the presence of subcortical vascular pathology or other causes of secondary parkinsonism, and to differentiate PD from atypical parkinsonisms. 3 However, because also a functional imbalance in and between brain networks is present, brain structural damage detected at MRI is not enough to explain physical and cognitive impairments in these patients. Moreover, a growing body of literature is suggesting that alterations of synaptic functions are present very early in the course of the neurodegenerative disease process. 4 Functional MRI (fMRI) is capable of detecting blood flow fluctuations and blood oxygenation level-dependent signals in the brain and measuring neuronal activation by exploiting the paramagnetic properties of blood. During the resting-state condition, a co-activation of different brain regions is usually present delineating the so-called "resting-state" functional networks. The typical networks recognized during the resting-state are the default mode network, the executive control network, the sensorimotor network, the salience network, the dorsal attention network, the visual processing network, and the auditory network. The brain areas involved in each network and the related functions are summarized in Fig. 1 . FMRI can be considered a tool for detecting early brain functional connectivity alterations likely to precede structural damage, and possibly a critical biomarker to detect brain plasticity changes over a short interval in several neurodegenerative diseases. To date, fMRI has been widely used to provide insights into the mechanisms of brain adaptation to damage related to many clinical symptoms in PD and to understand the neural plasticity mechanisms involved in pharmacological and neurorehabilitation treatment effects in these patients. There are currently no effective therapies to manage atypical parkinsonisms, but new molecules targeting α-synuclein or tau accumulation are being developed. An accurate diagnosis is needed to adequately recruit study cohorts and to investigate the effectiveness of therapeutic interventions. Thus, we urgently need powerful biomarkers supporting the differential diagnosis that can be used as specific and sensitive outcome measures in clinical trials.
In this review, the current knowledge on the use of restingstate fMRI in PD and atypical parkinsonian syndromes has been summarized and discussed in order to investigate the potential use of this technique in early diagnosis, differential diagnosis, prognosis, and disease monitoring.
Formal Literature Research
Formal literature research was conducted on PubMed. The research was performed on relevant articles (and their references) published in peer-reviewed journals with the use of two macroareas, such as "disease" and "type of MRI." The disease has been searched with the single terms, "Parkinson's disease" or "multiple system atrophy" or "multisystem atrophy" or "corticobasal degeneration" or "corticobasal syndrome" or "Richardson's Syndrome" or "progressive supranuclear palsy" in the title and abstract only; or with the MeSH terms, "Parkinson Disease" or "Multiple System Atrophy" or "Alien Hand Syndrome" or "Supranuclear Palsy, Progressive" or "Tauopathy." The type of MRI was searched with the single terms "functional MRI" or "fMRI" or "functional 
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connectivity;" or with the MeSH term "Magnetic Resonance Imaging."
Resting-state fMRI in PD: Motor Clinical Manifestations
The functional alteration of the cerebello-thalamocortical circuit is a key hallmark of major motor symptoms in PD patients. Several studies demonstrated both increased and decreased functional connectivity of this network in PD patients relative to healthy controls. Meta-analytic results showed that, in PD patients, a decreased connectivity in the posterior putamen is the most consistent resting-state functional alteration, which is also associated with a worse motor impairment. 29 Several studies demonstrated that levodopa (L-dopa) improves the clinical status of PD patients, and at the same time has the potential to spatially remap the cortico-striatal functional connectivity underlying motor skills. [7] [8] [9] [10] 14, [18] [19] [20] 22, 23 Specifically, prior studies suggested that L-dopa enhances the reduced functional connectivity between the supplementary motor area, left dorsolateral prefrontal cortex and putamen, and partially normalizes the increased cerebellar connectivity. 9 Decreased frontostriatal and increased cerebellar functional connectivity in PD patients are associated with a worse Unified Parkinson's Disease Rating Scale (UPDRS) III score, suggesting a correlation between the modulatory effect of L-dopa and the alleviation of clinical symptoms. 9 Recent evidence supports previous findings indicating that L-dopa has the potential to increase functional connectivity of the frontostriatal network in PD patients. [18] [19] [20] 22 Notably, resting-state fMRI studies in PD patients showed heterogeneous patterns of functional connectivity alterations that can be attributed to the inclusion of cases at different stages of the disease. Drug-naïve early PD patients already show altered functional connectivity in the cerebello-thalamocortical network 13, 14, 18, [24] [25] [26] 28 Principally, recent evidence suggests that early PD cases have increased functional connectivity of the sensorimotor cortex 18, 25, 28 and between posterior putamen and the sensorimotor cortex. 24 Along the course of the disease, worsening of parkinsonian symptoms in PD is accompanied by decreased functional connectivity between the anterior putamen and midbrain, 26 and increased functional coupling between the cerebellum and the sensorimotor cortex. 28 PD patients in a moderate phase of the disease present increased functional connectivity between the cerebellum and basal ganglia. 30 Advanced PD patients are characterized by additional functional decoupling between the striatum and midbrain regions, 5 and increased functional connectivity between sensorimotor and visual networks 17 and the anterior putamen and the sensorimotor cortex. 6 The increased functional connectivity in the above-mentioned networks is likely to represent an attempt to compensate for the reduced connectivity of the posterior putamen with the sensorimotor cortex.
Besides the primary sensorimotor pathways, the frontoparietal networks are also subject to PD-related functional connectivity changes. 31 PD patients in OFF state show increased functional connectivity between the inferior parietal lobule and the motor, dorsolateral frontal, cingulate, insular areas, and thalamus bilaterally, 31 which partially normalizes after L-dopa intake. 31 The inferior parietal lobule plays a key role in the control of movement because of its involvement in motor learning processes, sensory perception, and inhibitory functions. During motor performance, PD patients usually increase the functional activity of this sensorimotor integration area, suggesting the need to rely more on sensory feedback and executive cognitive control. 31 Moreover, a recent meta-analysis reported that PD patients had increased functional connectivity of the postcentral gyrus, which may explain the presence of perceptive alterations and pain in PD patients. 32 The patterns of resting-state functional connectivity across PD motor phenotypes have also been investigated. The presence of different pathophysiological patterns underlying tremordominant and akinetic/rigid manifestations is still an open question. FMRI studies showed that tremor-dominant patients, relative to patients without tremor, had increased functional connectivity between striatal nuclei (particularly globus pallidus internal) and the cerebello-thalamocortical circuit, [33] [34] [35] which was associated with more severe tremor. 33, 35 On the contrary, relative to patients with tremor, cognitively unimpaired akinetic/rigid PD patients are characterized by a decreased functional connectivity of cognitive networks, such as the default mode network. 36, 37 An early involvement of the default mode network could be the reason why akinetic/rigid PD patients are more prone to develop cognitive deficits along the disease course. 36 Another common motor manifestation of akinetic/ rigid phenotype is freezing of gait, which has an important impact on the quality of life of patients because it only partially responds to dopamine therapy. Several studies investigated the functional brain correlates of freezing of gait; however, no consensus has been reached yet. A study demonstrated that PD patients with freezing of gait, relative to those without, show a decreased functional connectivity within the executiveattention and visual networks. 38 Another report confirmed previous findings and showed that freezing of gait was associated with a decreased resting-state functional connectivity within the sensorimotor and default mode networks. 39 More recent studies have shown a reduced functional connectivity of parietal areas in PD patients with freezing of gait, 40, 41 as well as disrupted functional connectivity of the cortico-pontine-cerebellar pathways. 42, 43 Recent findings also demonstrated a functional alteration of limbic circuits in patients with freezing of gait, suggesting a multifactorial pathophysiological mechanism underlying this phenomenon involving the functional interactions between motor, cognitive, and affective networks. 44 Finally, a few studies investigated the mechanisms underlying L-dopa-induced dyskinesias in PD, suggesting that long-term L-dopa intake induces a decreased functional connectivity between the inferior frontal and motor cortices and increased functional connectivity between inferior frontal cortex and putamen. 45, 46 The findings mentioned above suggested that motor deficits in PD are mainly associated with a decreased connectivity of the frontostriatal circuit, with cerebellum and parietal lobe as possible compensatory areas in early phases. L-dopa can partially modulate the frontostriatal circuit alteration; however, it would be important to improve our knowledge about L-dopa effects on non-motor circuits. Thus, not only the sensorimotor circuit but also non-motor areas/networks are involved with the progression of the disease and might impact on motor symptom severity or the onset of combined cognitive-affective-motor manifestations such as freezing of gait. Akinetic/rigid patients seem to be more prone to develop cognitive network alterations and cognitive deficits. However, the causal relationship between the clinical phenotype, functional MRI alterations, and the development of cognitive deficits needs to be proved in order to suggest which functional connectivity changes can predict cognitive deficit development in different phenotypes of cognitively intact PD patients. The main findings are summarized in Table 1 and Fig. 2 . Also, functional connectivity disruption of specific brain areas such as the temporal, parietal, and occipital regions has been found in PD patients with memory and visuospatial deficits. 47 The default mode network is usually considered a cognitive network supporting episodic memory, empathy, theory of mind, and decision-making. Several studies in neurodegenerative and psychiatric diseases have shown a functional disruption of this network since early phases. 60 Importantly, in early PD patients, the disrupted functional connectivity of the default mode network has been found to be predictive of cognitive decline with disease progression. 51, 53, 54 Default mode network alterations worsen in PD patients with mild cognitive impairment (MCI) 56, 58, 59 and dementia, 50, 52, 57, 59 and this process is associated with a progressive cognitive decline over a three-year follow-up in PD dementia patients. 50 Interestingly, one study suggested that cognitively unimpaired PD patients showed a hyperconnectivity of cortical, limbic, and basal ganglia-thalamic areas, which has been suggested as a compensatory mechanism preceding cognitive decline. 61 Another frequent resting-state fMRI alteration in PD patients with cognitive deficits is the disruption of the frontoparietal network functional connectivity, which was associated with executive dysfunctions. [47] [48] [49] [50] The disruption of the frontoparietal network is usually associated with a functional decoupling with the default mode network in PD MCI patients. 47, 51, 62 Few studies suggested that a cognitive rehabilitation approach tailored to attention-executive dysfunctions has the potential to improve functional connectivity of the frontoparietal network 63 and the default mode network in PD patients. 64 These findings suggested that alterations in cognitive networks such as the default mode and the executive-attentive network might predict the development of cognitive deficits in PD patients; however, more longitudinal studies with larger samples are needed to investigate if specific functional networks alterations are correlated with specific cognitive deficit development. The main findings are summarized in Table 1 and Fig. 2 .
Other Non-motor Symptoms
A wide variety of non-motor symptoms other than cognitive deficits are also present in PD patients, 65 the most common being idiopathic rapid eye movement (REM) sleep behavior disorder, hyposmia, autonomic dysfunctions, depression, fatigue, visual hallucinations, eye movement disturbances, pain, and impulsive-compulsive behaviors, which seriously affect the quality of life of these patients. 65 REM sleep behavior disorder is considered a prodromal biomarker of disease development and it has been associated with a decreased functional connectivity of the ponto-striato-cortical pathway in recent studies. [66] [67] [68] Specifically, patients with this disorder showed a functional decoupling between the pedunculopontine nucleus and the supplementary motor area/anterior cingulate 66 and a decreased functional connectivity within the basal ganglia network. 67, 68 Because of its sensitivity (96%) and specificity (74-78%) in distinguishing both idiopathic REM sleep behavior disorder and PD cases from healthy patients, 67 the latter finding may be a prodromal biomarker of PD development. 68, 69 Also, hyposmia can occur in a very early phase of PD, 65 and its severity has been associated with a decreased functional connectivity within the limbic/paralimbic systems and between the amygdala and parietal/occipital areas. 70, 71 Depression is frequent in PD patients and it also usually impacts cognitive abilities such as attentive capacities, episodic memory, and planning abilities. 72 Many studies found functional connectivity alterations within the prefrontal-limbic network in PD patients with depression, [73] [74] [75] [76] [77] where the dorsolateral prefrontal cortex (underlying executive functions) and amygdala (underlying mood modulation) are particularly damaged. [73] [74] [75] [76] The presence of fatigue in de-novo PD patients seems to be associated with a functional decoupling between sensorimotor and default mode networks. 78 Few studies also investigated the functional correlates of visual hallucinations 79 reporting abnormal functional connectivity of the dorsal attention network and overreliance on the default mode network in PD patients with hallucinations. 80 One study investigated functional MRI correlates of eye movement disturbances, suggesting that worse oculomotor parameters (interrupted smooth pursuit, hypometric saccades, and high distractibility in anti-saccades) were correlated with a decreased functional connectivity in default mode network, ventral, and dorsal attention networks. 81 These findings suggest that eye movement disturbances might be related to cortical executive dysfunctions rather than to specific alterations of oculomotor brain areas and thus represent a potential cognitive/behavioral marker in PD patients. 81 Disease-related pain is one of the most common and disabling phenomena in PD patients, but it is still an underdiagnosed and under-treated symptom because its origin is difficult to define. 82 Recent findings on a very large sample suggested that 85% of PD patients have pain symptoms, with about 40% of patients presenting moderate to severe pain. 83 The King's Parkinson pain scale has been used to discriminate between different types of pain, suggesting a heterogeneous presentation of pain in PD patients (both peripheral and central pain). [82] [83] [84] Musculoskeletal and radicular pain do not seem to be correlated with the severity of motor impairment and with the severity of OFF periods. On the other hand, the overall pain is associated with the presence of anxiety, depression, autonomic symptoms, motor complications, younger age, and female sex. 83 The common presence of allodynia and altered pain sensation suggests an important role of central processes in pain generation. 83 Preliminary neuroimaging findings reported functional connectivity changes in frontal, temporal, insular, accumbens, amygdala, basal ganglia, and hippocampal areas related to pain in PD. 85, 86 However, to date, neuroimaging studies on pain are very few, using heterogeneous modalities to investigate pain processes at the neuronal level (resting-state and task-based approaches) without paying enough attention to different types of pain. Probably the most promising approach to study specific pain processes is to use task-based fMRI including painful stimuli rather than resting-state, even if the salience resting-state network could be a potential area of interest for the study of pain processes.
A pattern of increased connectivity of the salience and the default mode network showed to be correlated with symptom severity in PD patients with impulsive-compulsive behaviors, 87 and to be predictive of impulsive-compulsive behavior development over time in PD patients without behavioral disturbances. 88 In PD patients with impulsive-compulsive behaviors, a decreased connectivity of the frontoparietal network 87 and a lack of increased sensorimotor functional connectivity were also observed. 89 Additionally, a study found altered connectivity among the crucial nodes of the reward circuit in PD patients with punding (i.e., habenula, amygdala, basal ganglia, frontal cortex). 90 The findings presented in this paragraph suggested that nonmotor clinical manifestations might correspond to specific patterns of resting-state functional brain changes. However, to date, fMRI studies on each non-motor symptom are very few and do not allow to identify specific and useful markers to anticipate the onset of non-motor symptoms or to monitor the efficacy of specific treatments. REM sleep disorder and hyposmia are two core non-motor conditions on which researchers should focus to identify specific biomarkers to predict PD onset and to monitor the efficacy of future preventive therapies. The main findings are summarized in Table 1 . 
Resting-state fMRI in MSA
Resting-state fMRI studies in MSA patients have shown functional connectivity alterations both in sensorimotor and cognitive networks. [91] [92] [93] [94] [95] Both cerebellar MSA subtype (MSA-C) and parkinsonian MSA subtype (MSA-P) patients demonstrated a heterogeneous pattern of decreased and increased connectivity in the primary sensorimotor, premotor, prefrontal, inferior parietal, and occipital areas relative to healthy controls. 93, 95 Comparing MSA with PD patients, only the first group presented functional connectivity abnormalities of the visual associative network and the right cerebellum. 93 Moreover, MSA-P patients showed greater connectivity of posterior cingulate and parietal lobe relative to PD patients and a decreased functional connectivity of the prefrontal cortex compared with controls. 94 As in many other neurodegenerative diseases, MSA is also characterized by a functional involvement of the default mode network. MSA patients relative to healthy controls presented reduced functional connectivity of this network, particularly in the superior and middle frontal regions. 91, 92 Moreover, a decreased inter-hemispheric and intra-hemispheric connectivity of specific default mode network nodes, such as frontoparietal and parieto-cingulate areas, has been found. 91 The high vulnerability of long-fiber networks, such as the default mode network, is more prominent in MSA-P than in MSA-C patients, but in both groups a hyper-connectivity of the pontocerebellar loop has been observed and interpreted as possible compensation mechanisms (Fig. 3 ). 92 Within this network, MSA-P and MSA-C patients had different functional connectivity modifications (Fig. 3) , with MSA-C patients showing higher connectivity in the cerebellar tonsils and MSA-P patients having lower connectivity of the default mode network. 92 The increased functional connectivity of the pontocerebellar network may also play a role in eye movement control disturbances (i.e., higher functional coupling, more pronounced smooth pursuit impairment; Fig. 3 ). 92 A preliminary repetitive transcranial magnetic stimulation study showed that 10 session 5-Hz might improve motor symptoms in MSA patients by modulating the functional connectivity of default mode, cerebellar, and limbic networks. 96 Generally, resting-state fMRI findings on MSA patients are very heterogeneous probably depending on different fMRI analysis approaches (both seed-based and independent component analysis), on different clinical characteristics of patients in different studies and on the small sample sizes. Main findings are summarized in Table 2 .
Resting-state fMRI in CBS
Resting-state functional connectivity studies in CBS patients are very few and quite inconsistent in their findings. 97, 98 Compared to healthy patients, CBS patients had increased connectivity in the default mode, executive-control, sensorimotor, insular, and cerebellar networks and between the salience and executivecontrol networks. 97 On the other hand, decreased functional connectivity between visual and auditory networks was observed relative to healthy patients. 97 The comparison between CBS and PSP patients showed a higher functional connectivity between cerebellar and insular regions in CBS cases. 97 Moreover, CBS and PSP showed quite the opposite pattern of functional connectivity of the dentate nucleus: a decreased connectivity with subcortical and prefrontal areas in PSP and increased connectivity with the frontal cortex in CBS (Fig. 4) . 98 Both CBS and PSP had reduced thalamic functional connectivity with several cortical, subcortical and cerebellar areas (Fig. 4) . 98 Considering the inconsistent results, the role of hyper-connectivity of cognitive networks, motor cortical, and cerebellar areas as hallmarks of CBS should be further investigated. CBS is a syndrome characterized by different neuropathological diagnoses such as PSP itself, and there might be an overlap between these two diseases at a clinical level. This might partially explain the inconsistency of resting fMRI findings. Main findings are summarized in Table 2 .
Resting-state fMRI in PSP Syndromes
In patients with PSP-S, functional alterations typically involve the cerebello-thalamocortical network and the rostral midbrain, with several studies reporting both decreased and increased connectivity. [97] [98] [99] [100] [101] [102] Within the cerebello-thalamocortical pathway, functional connectivity abnormalities have been detected in the striatum, thalamus, cerebellum, and many cortical regions. 99 Lower functional connectivity of the midbrain-related network was more prominent in the advanced stages of the disease and correlated with cognitive decline, 99 global frontal lobe dysfunction, 102 and gaze palsy severity. 99, 100 A specific correlation between the decreased thalamocortical connectivity and the microstructural damage of the dentate-rubro-thalamic tract (which connects cerebellum to thalamus through the superior cerebellar peduncle) was also observed in PSP-S patients. 101 It should be noted that functional connectivity changes in PSP-S patients are more widespread and occur earlier than grey matter atrophy, suggesting the potential role of resting-state functional analysis in identifying early disease brain modifications when atrophy is not evident. 99 In PSP-S patients, decreased functional connectivity was also observed in caudate, putamen, and pallidum-related networks in association with cognitive deficits. 102 Also, primarily cognitive networks, such as the DMN and the subcortical components of the salience network, showed altered functional connectivity in these patients relative to healthy controls. 97, 100, 101 Within the DMN, decreased functional connectivity in the prefrontal cortex correlated with worse cognitive performance. 100 A single study assessed resting-state fMRI differences between PSP Richardson's syndrome (PSP-RS) and PSP parkinsonism (PSP-P) patients showing that functional connectivity alterations were similar but more pronounced in PSP-RS cases. 100 Also, no evidence has been provided on the use of resting-state fMRI in the differential diagnosis between PSP-S and PD. Thus, to date, MSA vs HC = " from dentate nucleus to posterior cingulate cortex and # from left precentral gyrus to right dentate nucleus. MSA vs PD = " from dentate nucleus to posterior cingulate cortex.
# causal connectivity between left precentral gyrus and right dentate nucleus correlated with motor symptom scores 95 RS fMRI / regional homogeneity MSA vs HC = both # " primary sensorimotor, premotor, prefrontal, inferior parietal and occipital areas. Motor improvement after rTMS (UMSARS II) correlated with connectivity changes CBS 97 RS fMRI / ICA CBS vs HC = " DMN, cerebellar, sensorimotor, executive-control and insular networks; " between salience and executive-control networks and # between lateral visual and auditory networks. CBS vs PSP-S = " functional connectivity between the cerebellar and insular networks.
-
98
RS fMRI / seed-based (ROIs = thalami and dentate nuclei)
CBS vs HC = # thalami with several cortical, subcortical and cerebellar areas and " dentate nuclei with frontal cortex. 
(Continues)
resting-state fMRI is considered a research tool in PSP-S, still not ready to support clinical diagnosis. 103 To the best of our knowledge, only one study followed longitudinal resting-state fMRI changes in PSP-S patients. 104 Results at baseline are in line with previous findings, showing lower functional connectivity between the rostral midbrain tegmentum, subcortical areas, and the prefrontal cortex in patients relative to healthy controls. 104 Functional connectivity alterations of midbrain and subcortical structures also expanded to parietal areas over time (6 months follow-up) together with progressive atrophy in the midbrain, globus pallidus, and posterior frontal cortex. 104 PSP-S patients showing worse clinical features at baseline also had higher prefrontal and parietal functional connectivity impairment over time. 104 Resting-state fMRI findings in atypical parkinsonisms are reported and summarized in Table 2 , which easily shows the high heterogeneity of study designs, fMRI analysis methods and results in these patients.
Discussion and Future Directions
The use of resting-state fMRI is relatively developed in PD patients while it is still in its infancy in atypical parkinsonisms. To date, resting-state fMRI cannot contribute to improving an early clinical diagnosis of these conditions or the differential diagnosis among atypical parkinsonisms and PD. Both overlapping and disease-specific patterns of resting-state fMRI abnormalities among parkinsonian syndromes were observed; however, the evidence is not enough to speculate, and the specificity of fMRI findings must be proved.
Also, many studies have used region of interest analysis, but this approach should only be performed if a strong hypothesis is present because it may limit findings according to the authors' thoughts. The human brain consists of several cortical and subcortical regions forming many different integrated sub-networks that are structurally and functionally interconnected. For this reason, it is probably time to move to fMRI techniques having the potential to catch the complex whole-brain interactions and brain functional organization at both local and global levels. Recent advances have offered the possibility to study the overall function of brain networks using graph analytical methods. Graph theoretical models have conceptualized such complex organization as the brain "connectome," consisting of anatomic regions defined as "nodes," which are linked by "edges" (i.e., structural or functional connections). Such an approach might be particularly helpful in the study of PD, to define the characterization of the most vulnerable networks, to model the pathways of pathology spreading and to study how therapies modulate the network dysfunction. Recent evidence suggested that the functional connectome architecture is altered since the early phases of the disease, involving both sensorimotor and visual hub connections. 25 Findings on cognitively intact PD patients suggested that functional connectivity alterations occur not only at the network level but also impact on a network-tonetwork relationship. Indeed, motor impairment severity correlated with the altered interaction between sensorimotor, reward, executive and visuospatial networks. 105 Other interesting studies suggested that the resting-state multivariate patterns of connectome alterations might serve as a biomarker of disease progression and could discriminate the severity of cognitive status in PD patients 27, 106 Connectome-based approach is very complex, and to date, it is difficult to imagine its application for clinical practice at the subject level. However, after validation at group-level, automated multivariate analysis and machine-learning approaches on functional connectivity data have the potential to be used in clinical practice for personalized diagnosis and prognosis. A significant limitation in connectome studies, 25, [107] [108] [109] [110] and more generally in resting-state fMRI studies, 111, 112 is the sample size. Multicenter studies should be encouraged, both to share experience and to validate fMRI findings on large samples. Moreover, studies should take into account the different stages of the disease and different range of disease duration, particularly in PD patients, and analyze fMRI data accordingly. The current literature suggests that at different disease phase the resting-state fMRI connectivity could be different and can present with opposite patterns (Table 1) . Authors in the future should pay attention to carefully stratify patients according to disease severity, duration, and specific symptoms in order to avoid misleading results.
Another important limitation of fMRI studies is the difficulty to detect functional connectivity in brainstem regions, which are involved both in PD and atypical parkinsonisms. Future works should focus on improving signal quality and spatial resolution to reduce artifacts in midbrain nuclei. Improved measurements from these regions may provide earlier diagnosis and improve differential diagnosis between parkinsonian syndromes. 113 Finally, a combined structural and functional networkbased MRI approach (i.e., including resting-state fMRI, diffusion tensor MRI and high-resolution volumetric imaging, assessing both cortical and subcortical structures) is likely to represent the best way to provide insights into the complex pathophysiological mechanisms underlying parkinsonian syndromes and to find reliable biomarkers. Each neuroimaging marker only provides information about one part of the whole pathological process, the combination of different techniques will give reasons for synaptic dysfunction, axonal firmness, and finally, neuronal degeneration induced by misfolded protein accumulation.
Conclusions
Resting-state fMRI has been widely used to study patterns of functional connectivity alterations in PD patients, providing novel insights into the neural correlates of sensorimotor and cognitive abilities. However, there is an undeniable need to define sensitive biomarkers in the prodromal phase of the disease, in order to detect patients at risk to develop the clinical syndrome and to treat patients as early as possible. The greatest potential of fMRI lies in the study of very early and preclinical stages of PD, such as individuals with idiopathic REM sleep behavior disorder and hyposmia. Indeed, the possibility to predict the clinical progression of the disease from at very early (even preclinical) stage would improve disease management and clinical trial design. Although the immediate modulatory effect of dopaminergic treatment on brain motor and cognitive abilities has been proved, it would be important to validate the use of fMRI as a tool to monitor the efficacy of chronic therapies and neurorehabilitation interventions in PD patients.
The use of resting-state fMRI in atypical parkinsonisms is still in its infancy. To date, fMRI cannot be considered a reliable tool to improve clinical diagnosis or the differential diagnosis in these patients. There is an urgent need for new studies assessing both overlapping and disease-specific patterns of resting-state fMRI abnormalities among parkinsonian syndromes. Although longitudinal fMRI studies in atypical parkinsonisms are very few, results showed the ability of fMRI to capture disease-related changes of functional connectivity, which may in the future become useful biomarkers of the efficacy of future disease-modifying therapies. . Maps of differences in the functional connectivity of the dentate nucleus between patients with progressive supranuclear palsy syndrome (PSP; decreased connectivity in blue) and healthy controls, and between patients with corticobasal syndrome (CBS) and healthy controls (increased connectivity in red) (lower panels). Results are obtained using two-sample t-test, P < 0.05, corrected for FWE. Abbreviations: L, left hemisphere; R, right hemisphere. Reproduced with permission from Rosskopf et al. 98 
